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^  This  report  docunents  the  development  and  subsequent  field  testing  of 
two  rapid  response  Instrdnents  for  the  detection  of  methane  gas  In  the 
vapor  resulting  from  an  LNG  spill.  The  Instrunents  were:  a  laser 
Instrianent  with  a  0.005  second  response  time  and  0.1*  sensitivity,  and  a 
two-band  differential  radiometer  (TBDR)  with  a  0.15  second  response  time 
and  1*  sensitivity.  A  thermistor  sensor  was  also  developed  for  the  rapid 
(0.?  second)  measurement  of  vapor  temperature.  The  implementation  of 
this  Instri/nentatlon  for  Spill  Tests  LNG-18,  LNG-19,  LNG-20  and  LNG-21  at 
China  Lake,  California  Is  also  described  In  this  report. 

Some  comparisons  were  made  between  the  JPL  measurements  and  those  of 
other  organizations  Involved  in  the  China  Lake  test  program.  Good 
correlation  was  found,  for  example,  between  the  laser  methane  measurement 
3nd  that  of  a  nearby  sensor  during  LNG-18.  Durlnq  LNG-21  the  vapor 
temperature  of  methane  was  also  measured  and  found  to  be  linearly  related 
to  the  methane  concentration  over  the  2-10*  range.  In  addition  to  the 
two  methane  concentration  Instruments,  progress  In  the  laboratory 
associated  with  this  program  was  made  on  the  development  of  a  modified 
TBDR  device  to  measure  the  concentration  of  oxygen  In  the  vapor  cloud, 
and  In  the  development  of  Infrared  fiber-optics  for  advanced  laser 
detection  of  methane  and  other  species.  ,• 
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INTRODUCTION  AND  SUMMARY 


The  Jet  Propulsion  Laboratory  (JPL)  was  requested  by  the  U.  S.  Coast  Guard 
to  assist  In  the  development  of  advanced  Instrumentation  for  the  rapid, 
sensitive  detection  of  methane  gas  in  the  vapor  resulting  from  an  LNG 
spill,  and  to  demonstrate  its  operation  during  spill  tests  at  China 
Lake,  California.  Two  types  of  instruments  were  developed:  A  laser 
instrument  with  0.005  second  response  time  ind  0.1%  sensitivity,  and  a 
two-band  differential  radiometer  (TBDR)  with  0.15  second  response  time 
and  It  sensitivity.  Each  of  these  methane-specific  instruments  performed 
real-time  measurements  at  two  different  locations  within  the  vapor  cloud. 

A  thermister  sensor  was  also  developed  for  the  rapid  (0.2  second)  measure¬ 
ment  of  vapor  temperature.  Implementation  of  this  instrumentation  for 
Spill  Tests  LNG-18,  LNG-19,  and  LNG-21  of  8/31/78,  9/13/78,  and  11/20/78, 
respectively,  is  described  in  this  Report. 

Some  comoarisons  have  been  made  between  the  JPL  measurements  and 
those  of  other  organizations  Involved  in  the  China  Lake  test  program. 

During  LNG-18,  good  correlation  was  found  between  the  laser  measurement 
of  methane  and  that  of  a  nearby  sensor  operated  by  the  Lawrence 
Livermore  Laboratory  (LLL ) .  The  sensitivity  of  the  laser  instrument 
appears  to  be  several  times  better  than  the  LLL  Instrument,  and  further 
comparisons  should  be  made  using  data  from  LNG-19  and  LNG-21.  During  LNG-21, 
in  addition  to  methane,  the  vapor  temperature  was  also  measured  and  found 
to  be  linearly  related  to  the  methane  concentration  over  the  2-10%  range. 
Quantitatively,  the  dependence  is  -2.13  C /%  methane,  which  compares 
favorably  with  the  theoretical  value  of  -2.22  C/%  methane  derived  by 
Multhauf  of  LLL  for  the  conditions  of  LNG-18. 

Laboratory  research  at  JPL  associated  with  this  prooram  yielded  progress  on 
the  development  of  a  modified  TBDR  Instrument  to  measure  the  concentration 
of  oxygen  In  the  vapor  cloud,  and  in  the  development  of  infrared-transmi ttino 
fiber  optics  for  advanced  laser  detection  of  methane  and  other  species. 
Results  of  the  laboratory  effort  are  also  described  in  this  Report. 
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1.  Description  of  JPL  Instrumentation 

Two  different  types  of  Instrvments  were  constructed  to  provide  the  speed, 
accuracy,  and  spatial  resolution  needed  to  measure  the  methane  gas  concen¬ 
tration  during  the  LN6  spill  test  studies  at  China  Lake,  California.  One 
system  Is  based  upon  the  principle  of  differential  absorption  of  radiation 
by  methane  at  two  narrow  wavelength  regions  In  the  near  Infrared  (2.1  and  2.3 
um)  determined  by  filters  of  the  broadband  radiation  from  a  thermal  source. 

It  is  called  the  TBDR,  for  "two-band  differential  radiometer,"  and  uses  a 
pathlenqth  of  approximately  20  cm.  The  second  Instrument  Is  based  on  the 
very  strong  absorption  of  laser  radiation  at  3.39  um  by  methane,  for  which  a 
pathlength  of  only  2  cm  is  adequate  for  the  test  program.  During  the  spill 
tests,  these  Instruments  were  situated  so  as  to  be  engulfed  by  the  vapor 
cloud  as  it  drifted  from  the  spill  point.  The  TBDR  and  laser  instruments  are 
described  in  more  detail  below  and  In  Appendices  A  and  B. 

1.1  Two-Band  Differential  Radiometer  (TBDR) 

Two  Identical  TBDR  Instruments  were  constructed  during  July  and  early 
August.  The  Block  Diagram  is  illustrated  In  Figure  1.  Calibration 
was  performed  on  18  August  1978  using  known  concentrations  of  methane 
gas  contained  In  a  15-cm-long  sample  cell  through  which  the  radiation  was 
transmitted.  These  concentrations  In  the  cell  were  14. 71,  10. OX,  and 
5. OX,  *rf»1ch  corresponded  to  effective  concentrations  of  11. OX,  7.5X,  and 
3.75X  over  the  entire  20-cm  path.  A  fourth  sample  was  obtained  from  the 
natural  gas  system  supply,  and  was  assumed  to  be  97X  methane,  corresponding 
to  73X  over  the  entire  path.  Table  I  lists  the  absorption  measured  for 
each  of  the  TBDR  detectors  at  the  sample  concentrations  indicated: 

Table  I.  TBDR  absorption  signal  for  various  methane  concentrations  In  a 
15-cm-long  calibration  cell 

Hethane  Concentration  (X)  Absorption  (X) 


14.7 

8. 

10.0 

5.4 

5.0 

2.8 

97.0 

40. 

4 


Figure  1.  Block  Diagram  for  TBDR  Sensor  Module,  showing  Integration 
of  optics  and  electronics 


Window  losses  of  the  calibration  cell  have  been  subtracted  from  the  data, 
since  these  windows  will  not  be  In  the  optical  path  during  the  field  mea¬ 
surements.  The  data  of  Table  1  have  been  plotted  In  Figure  2  to  Illustrate 
graphically  the  system  response.  Since  the  major  Interferant  Is  expected 
to  be  water  vapor,  which  absorbs  equally  at  the  center  wavelengths  of  each 
filter,  the  differential  technique  Is  expected  to  reduce  any  potential 
Interference  from  water  vapor  to  a  mlnlmun.  Verification  of  this  did 
occur  during  the  actual  Spill  Tests,  during  which  both  channels  were 
monitored. 

After  the  calibration  test  and  check  of  Integration  with  the  data  handling 
system,  the  TBDR  units  were  shipped  to  China  Lake  on  16  August  1978. 
Checkout  and  connection  to  the  Livermore  system  was  accomplished  prior  to 
the  first  spill  test. 


1.2  Laser  System 

The  laser  system  developed  to  monitor  gaseous  methane  during  the  China 
Lake  tests  Is  shown  In  Figure  3.  It  consists  of  a  helium-neon  laser 
operating  at  3.39  urn,  three  InAs  infrared  detectors,  a  mechanical  chopper, 
and  appropriate  control  and  slqnal -processing  electronics.  The  two  de¬ 
tectors  for  measuring  methane  are  located  1.5  and  2.5  meters  above  the 
ground.  The  upper  one  Is  designated  "Sensor  #1";  the  lower  one,  "Sensor 
#2."  A  third  detector  Is  used  to  monitor  the  laser  power  In  order  to  ensure 
that  any  "signals"  are  not  caused  by  laser  power  variations. 

An  air-temperature  measuring  thermlster  Is  located  between  Sensor  #1  and 
Sensor  #2.  Three  other  thermlsters  are  located  near  the  three  Infrared  de¬ 
tectors  (two  detectors  for  the  methane  measurements;  the  third  for  laser 
power).  Thermlsters  to  measure  temperatures  near  the  Infrared  detectors 
were  deemed  necessary  In  order  to  maintain  a  check  on  the  system  under  the 
rigors  of  the  hot  desert  environment.  (They  turned  out  to  be  unnecessary  be¬ 
cause  the  heat  capacity  of  the  detector  holders  kept  the  temperature  relative 
ly  constant.)  An  air  conditioner  Is  used  prior  to  the  test  to  maintain  a 
suitable  temoerature.  The  Interior  of  the  laser  system  Is  shown  In  Figure  4 
which  Illustrates  location  of  the  important  elements. 
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Figure  4.  Laser  system  interior  view 


The  laser  Instrument  has  wheels  to  provide  mobility.  In  addition,  It  can  be 
oriented  vertically;  as  shown  In  Figure  3,  or  horizontally,  as  Illustrated  by 
Figure  5. 


1.2.1  Linearity  Test  of  InAs  Detectors 

In  order  to  ensure  that  the  laser  system  will  operate  within  the  linear  range 
o*  the  Infrared  detectors,  a  linearity  check  was  made  by  observing  the  ab¬ 
sorbance  of  a  plastic  sheet  (Saran  Wrap)  Inserted  Into  the  laser  beam  under 
different  conditions  of  total  power  Impinging  on  the  detector.  Results  of 
this  test  are  shown  In  Figure  6,  where  the  ordinate  denotes  the  absorbance 
and  the  abscissa  the  detector  voltage.  Since  the  absorbance  remains  con¬ 
stant  to  approximately  6  mV  on  the  detector,  the  voltages  of  the  laser  sys¬ 
tem  detectors  are  kept  below  this  value.  Linearity  Is  confirmed  by  using 
sample  cells  containing  a  variety  of  methane  concentrations.  Finally,  If 
the  ultimate  detector  noise  limit  uslnq  a  0.01  second  Integration  time  Is 
6xl0*9  V,  the  available  dynamic  range  Is  106. 

1.2.2  Performance  Test  at  JPL 

The  laser  system  was  tested  on  15  August  1978  for  response  to  various  con¬ 
centrations  of  methane  In  a  1-cm-long  calibration  cell.  The  detector 
voltage  was  amplified  and  measured  by  an  analog  strlo-chart  recorder  as 
well  as  a  digital  voltmeter.  Figure  7  shows  a  strip-chart  record  of  the 
calibration  signals.  The  digital  data  are  shown  In  Table  II  below. 

Table  II.  Amplified  detector  voltage  corresponding  to  various 
methane  concentrations  In  a  1-cm-long  cell. 

Sensor  Voltages  (V) 


Absorber 

Sensor  #1 

Sensor  i 

No  Cell 

4.50 

3.85 

Cell ,  OX  CH„ 

3.47 

3.05 

5X  CH„ 

1.46 

0.98 

14. 7X  CH„ 

-0.660 

-0.83 

100X  CHw 

-2.497 

-2.498 

Blocked 

-2.499 

-2.500 
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These  results  are  plotted  In  Figure  8  In  order  to  demonstrate  system  lin¬ 
earity  and  agreement  between  the  two  sensor  channels. 


1.2.3.  Shipment  to  China  Lake 

The  laser  system  was  shipped  to  China  Lake  on  18  August  1978.  Integration 
with  the  electronics  systems  In  the  Livermore  trailer,  and  system  checkout. 
*«re  performed  during  the  following  week.  The  laser  system  Incorporates 
four  data  recording  systems: 

1)  Six-channel  analog  recorder  (which  operates  at  2.5  cm/sec 
during  spill  test)  at  the  spill  test  location.  The  six 
channels  are:  Sensor  #1;  amplified  Sensor  #1  for  high 
methane  concentrations;  Sensor  #2;  amplified  Sensor  #2; 
laser  pot«r;  system  temperatures  (four  temperatures, 
multiplexed) . 

2)  Six-channel  analog  recorder  at  the  Livermore  trailer,  to 
record  the  same  data  as  above,  but  with  the  capability  to 
replace  the  two  amplified  sensor  channels  with  logarlthmlc- 
converted  channels  so  that  the  methane  concentration  will 
be  linear  with  recorder  divisions. 

3)  A  JPL  magnetic  tape  recorder,  which  records  the  above  data, 
together  with  the  TBDR  data  and  time  Information,  after  the 
voltages  have  been  converted  to  frequencies  via  voltage-to- 
frequency  converters  at  the  spill  site.  This  tape  can  then 
be  replayed  In  any  desired  format. 

4)  Magnetic  tape  recorder  operated  and  owned  by  Lawrence 
Livermore  Laboratory,  which  records  the  above  data  together 
with  those  from  the  Livermore  and  USCG  Instruments.  Purpose 
of  this  tape  Is  to  permit  the  development  and  evaluation  of 
mathematical  models  for  the  vapor  clouds. 
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AMPLIFIED  SENSOR  VOLTAGE  (V) 


Figure  8.  Response  of  laser  system  sensors  to  various  methane  concentrations 
In  a  1.0-cm  calibration  cell  (digital  voltmeter  measurements) 


LNG  Spill  Tests  at  China  Lake 

During  the  period  from  31  August  1978  to  20  November  1978,  four  LNG  spills 
were  made  at  China  Lake,  California.  These  are  designated  LNG-18  (8/31/78), 
LNG- 19  (9/13/78),  LNG-20  (11/9/78),  and  LNG-21  (11/20/78).  During  LNG-20 
an  abrupt  change  in  wind  direction  during  spill  caused  the  vapor  cloud  to 
completely  miss  the  JPL  Instrumentation;  consequently,  no  data  from  LNG-20 
are  presented  In  this  Report.  Spill  tests  LNG-18  and  LNG-21  oroduced 
useful  data  for  a  relatively  Iona  period  of  time  (more  than  one  minute) 
because  of  favorable  wind  conditions.  For  LNG-18,  comparison  is  made  between 
the  JPL  measurements  and  those  obtained  from  another  methane  sensor  operated 
by  LLL.  For  LNG-21,  It  has  been  possible  to  directly  compare  the  laser  sensor 
measurement,  TBDR  measurement,  and  air  temperature.  Although  the  data  for 
LNG-19  were  sparse  due  to  a  unexpected  shift  in  the  wind  direction, 
some  useful  data  were  obtained  by  both  the  laser  and  TBDR  instruments.  In 
particular , the  detection  of  "siqnals"  on  both  "signal"  and  "reference”  chan¬ 
nels  of  the  T8DR  underscored  the  need  for  a  reference  channel,  and  indicated 
the  apparent  presence  of  ice  crystals  durinq  a  portion  of  the  test.  The  subsec 
tlons  which  follow  describe  In  detail  results  of  the  three  useful  spill  tests. 

Figure  9  is  a  photograph  of  the  JPL  Instrumentation  on  location  at  China 
Lake.  On  the  left  are  shown  two  TBDR  sensors  on  a  tripod  mount  at  an 
elevation  of  0.5  meters.  The  horizontal  paths  were  20  cm  for  most  tests. 

The  laser  system  was  located  sllqhtly  to  the  rlaht  of  the  TBDR  sensors, 
and  the  engineer  Is  seen  in  Fiq.  9  adjusting  the  lower  sensor  (Sensor  #2) 
which  Is  1.5  meters  above  the  ground.  The  upper  sensor  (Sensor  #1)  Is 
2.5  meters  above  the  ground.  The  white  box  on  the  extreme  right  houses  the 
field  multi-channel  recorder.  Sensors  of  other  Investigators  are  visible  In 
the  background. 

Figure  10  shows  the  location  of  the  JPL  Instrumentation  relative  to  the 
lake  and  spill  point.  The  equipment  Is  55  meters  from  the  spill  point, 
and  3  meters  northwest  of  a  line  correspondlno  to  the  (historically) 
average  wind  direction  (see  Fiq.  11). 
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Figure  10.  Photograph  showing  location  of  JPL  instrumentation  relative  to  spill  point. 
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Figure  11.  Contour  plot  of  LNG  Spill  Test  Site,  Indicating  location  of  JPL 

Instrumentation  and  ILL  Site  #6.  Also  shown  are  the  average  wind 
vectors  for  each  of  the  four  spill  tests  (from  R.  Koopman). 


2.1  LNG-18  (8/31/78) 

The  JPL  data  obtained  during  LNG-18  were  from  two  TBOR  sensors  and  two 
laser  sensors  for  methane,  and  from  thermlsters  yleldlna  temperature 
data.  Four  thermlsters  were  used,  to  provide  Indications  of  temperatures 
of  the  three  InAs  detectors  as  well  as  the  air  temoerature.  Time-division 
mulltlplex  was  used  to  record  the  temperature  data  on  a  single  channel. 

LNG-18  was  the  first  spill  test  Involving  this  Instrumentation,  and  It 
turned  out  that  the  scales  for  ^he  strip-chart  record  of  the  TBDR  and 
temperature  data  were  set  to  cover  too  wide  a  range,  resulting  In  rather 
limited  signal  excursions  for  some  of  the  real-time  data.  However,  since 
all  of  the  data  were  recorded  on  magnetic  tape,  they  can  be  displayed  with 
full  system  sensitivity.  If  desired.  For  this  present  Report,  the  data  used 
were  from  the  strip-charts.  Spill  occurred  at  14:56:30  on  8/31/78,  and 
lasted  for  67  seconds.  Spill  volume  was  4.39  m3  of  LNG. 

2.1.1  Instrument  Location  and  Test  Conditions 

The  two  TBDR  sensors  and  the  laser  system  were  located  as  described  earlier, 
approximately  55  meters  from  the  spill  point.  The  ambient  temoerature  was 
36’c  (97°F),  and  the  wind  was  gusty  to  15  knots  (7.7  meters/sec.). 

2.1.2  LNG  Vapor  Clouds 

Two  distinct  vapor  clouds  were  detected  durlno  LNG-18,  as  Illustrated  In 
Fig.  12.  The  first  cloud  reached  the  JPL  Instruments  40.2  seconds  after  the 
spill  valve  was  opened;  the  second  arrived  61.4  seconds  after  spill. 

Duration  of  the  first  cloud  was  2.4  seconds  at  Sensor  #1  (2.5  meters  above 
the  ground)  of  the  laser  system,  and  4.6  seconds  at  Sensor  #2  (1.5  meters 
above  the  ground).  Duration  of  the  second  (main)  cloud  was  39.4  seconds 
at  Sensor  #1,  and  41.0  seconds  at  Sensor  #2.  A  time-expanded  record  of 
the  laser  data  Is  shown  In  FI q.  13  (a-c).  The  laser  power  was  also  monitored 
by  a  third  InAs  detector,  and  was  found  to  be  essentially  unchanged  during 
ti.e  test  period.  Four  temperatures  were  also  measured,  as  shown,  but  the 
range  selected  a-orlorl  was  too  broad  to  provide  meaningful  data  from  the 
strip-chart. 
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laser  power,  and  temperature  (cont'd) 


Time-expanded  measurements  of  methane  concentration. 


The  aaxlmum  methane  concentration  In  the  first  cloud  was  ll.lt  at  Sensor  #1 , 
and  10. 9!  at  Sensor  #2.  These  occurred  at  times  of  43.6  sec  and  44.7  sec, 
respectively.  The  maximum  methane  concentration  In  the  second  cloud  was 
11.41  at  Sensor  #1,  and  14.21  at  Sensor  92.  These  occurred  at  times  of 
80.8  seconds  and  93.4  seconds,  respectively,  after  the  spill  valve  was 
opened.  As  expected,  these  values  are  somewhat  lower  than  those  measured 
by  the  TBDR  Instrument,  which  Is  located  closer  to  the  ground  where  the 
cooler,  heavier  gas  Is  expected  to  be.  The  TBDR  data  did  not  exhibit  the 
expected  rapid  time  of  response  (0.15  seconds);  presumably,  this  Is  due  to 
path-averaging  over  the  20-cm  optical  path,  which  Is  not  as  pronounced  In 
the  2- cm  path  of  the  laser  system. 

2.1.3  Time  Above  51  Methane 

Since  methane  gas  can  be  explosive  In  the  5-151  concentration  range.  It 
may  be  useful  to  know  the  extent  of  time  the  51  value  was  exceeded  In 
both  of  the  observed  vapor  clouds: 

First  Cloud:  Sensor  #1  ( h  -  2.5  meters)  showed  that  the  methane 
concentration  was  above  51  for  0.89  ♦  0.01  seconds,  or  261  of  the  duration 
of  the  first  cloud.  Sensor  92  ( h  -  1.5  meters)  showed  that  the  51  value 
was  exceeded  for  1.40  ♦  0.01  seconds,  or  301  of  the  total  time  the  cloud 
was  present. 

Second  (Wain)  Cloud:  Sensor  #1  Indicated  that  the  5t  value  was 
exceeded  for  2.5  t  0.1  seconds,  or  6.31  of  the  second  cloud's  duration, 
whereas  Sensor  92  yielded  corresponding  values  of  14.5  t  0.1  seconds  and 
35*. 

2.1.4  Discussion  of  LNG-18 

In  addition  to  providing  numerical  data  on  the  vapor  clouds  of  LNG-18,  a 
comparison  was  made  between  the  methane  measurements  of  Sensor  92  and  the 
TSI  data  recorded  at  1-m  elevation  by  LLL  at  Station  6,  located  24  meters 
away,  but  the  same  distance  from  the  spill  point  (see  Figure  11).  Figure 
14  Illustrates  a  surprisingly  good  correlation  between  the  TSI  and  laser 
measurements  In  concentration  and  time.  This  suggests  that  both  Instruments 
are  working  well  and  are  calibrated  properly. 
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’igure  14.  Methane  concentration  measurements  for  LfC- 18  Spill  Taat  obtained 
from  (a)  Lawrence  Livermore  Laboratory  TSI  senior  at  Station  6 
(From  R.  Koopman,  Memorandum  of  10/30/70,  Fig.  9)  and  (b)  from 
JPL  Laser  Sensor  *2. 


2.2  LNG-19  (9/13/78) 

In  order  to  accommodate  a  Raman  Ildar  system  for  one  spill  test,  LNG-19 
was  performed  In  the  darkness  of  early  evening,  at  7:30  p.m.  The  spill 
lasted  for  63  seconds,  with  both  TBOR  units  and  both  laser  sensors 
operational . 

2.2.1  Instrument  Location  and  Test  Conditions 

The  Instrument  locations  for  LNG-19  were  the  same  as  for  LNG-18, 
approximately  55  meters  from  the  spill  point.  At  the  time  of  the  spill, 
the  wind  direction  shifted  from  SU  to  WSW,  with  the  result  that  most  of 
the  vapor  cloud  missed  the  JPL  instrumentation.  Useful  data  were  obtained, 
however,  and  are  presented  below.  Wind  soeed  was  15-20  knots. 

2.2.2  LNG  Vapor  Clouds 

Figure  15  Illustrates  the  methane  concentration  data  obtained  by  one  of 
the  TBOR  units  (the  other  did  not  exhibit  any  signal  chanqe)  and  the  two 
laser  sensors.  Several  small  puffs  were  observed.  The  first  puff  occurred 
at  40.4  seconds  after  start  of  spill,  lasted  for  1.0  second  at  Laser  Sensor 
#1,  and  1.5  seconds  at  Laser  Sensor  #2.  Peak  concentrations  were  0.281 
and  1.28X,  respectively. 

The  second  puff  occurred  at  95.0  seconds  at  Sensor  #1,  and  93.2  seconds 
at  Sensor  #2,  lasting  for  1.0  second  and  3.8  seconds,  respectively,  with 
peak  concentrations  of  0.44X  and  1.46X. 

The  third  puff  occurred  at  105.2  seconds  at  Sensor  #1,  lasting  for  0.28 
seconds.  That  same  puff  lasted  for  0.12  seconds  at  Sensor  #2.  The  peak 
concentrations  were  0.14X  and  0.12X  for  Sensors  #1  and  #2,  respectively. 

2.2.3  Discussion  of  LUG-19 

Although  the  bulk  of  the  vapor  from  Spill  Test  LNG-19  missed  th*e  JPL  instru¬ 
mentation,  several  small  puffs  of  methane-laden  vapor  were  detected  and 
quantified.  The  maximum  recorded  concentration  was  1.28X  methane.  Figure 
15  shows  Interference  In  the  reference  channel  of  the  TBDR  unit,  suggesting 
the  oresence  of  Ice  crystals  In  the  beam,  and  demonstrating  the  need  for 
such  a  reference  channel  In  this  Instrument. 
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2.3  LNG-21  (11/20/78) 

For  this  spill  test,  the  last  In  the  current  series,  both  laser  sensors, 
one  TBDR  sensor,  and  the  thermlster  for  measuring  air  temperatire  were 
operational.  (The  other  TBOR  unit  had  been  returned  to  the  laboratory 
for  further  studies.)  Spill  occurred  at  3:10  p.m,  and  lasted  for 
approximately  58  seconds. 

2.3.1  Instrument  Location  and  Test  Conditions 

The  location  of  the  JPL  Instruments  remained  the  same  as  for  the  earlier 
tests,  but  only  one  TBOR  unit  was  used,  and  It  was  situated  very  near 
(within  20  cm)  the  Laser  Sensor  #2  In  order  to  obtain  correlative  measure¬ 
ments.  The  alr-temperature-measurlno  thermlster  was  moved  down  the  laser 
Instrument  column  to  within  a  few  cm  of  Sensor  #2  also,  and  the  time- 
division  multiplex  circuit  was  modified  so  that  a  continuous  measurement 
of  air  temperature  could  be  recorded  during  the  test.  Laser  Sensor  #1 
provided  data  2.5  meters  above  the  ground,  as  before. 

The  wind  direction  before  the  spill  was  from  the  SW,  averaging  5-10  knots. 

At  time  zero  It  shifted  toward  the  SSW,  and  one  minute  later  back  toward 
the  SW.  The  effect  of  this  on  the  JPL  measurements  was  that  no  Indication 
of  methane  was  observed  until  nearly  one  minute  after  spill,  at  which  time 
the  change  In  wind  direction  brought  the  main  cloud  In  the  vicinity  of  the 
Instruments. 

2.3.2  LUG  Vapor  Clouds 

The  JPL  Instnaaents  recorded  over  70  seconds  of  continuous  data.  Figure 
16  (a-b)  shows  the  laser  data,  Illustrating  two  puffs  of  methane-laden 
vapor.  The  first  puff  occurred  at  57.2  seconds  after  spill,  and  lasted 
for  0.3  seconds  at  Sensor  #1  and  1.5  seconds  at  Sensor  #2.  Peak  concentrations 
were  1.81  and  3.81  at  58.0  and  58.2  sec,  respectively.  The  main  cloud  occurred 

at  64.2  seconds,  and  lasted  for  61.7  seconds  at  Sensor  #1,  and  63.2  seconds 
at  Sensor  42.  Peak  concentrations  were  11.91  and  13.51  at  73.0  and  73.3  sec, 
respectively,  at  the  two  sensor  locations. 
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Figure  16(a).  Laser  sensor  Measurements  of  methane  concentration  for  LNG-21  Spill  Test 


Figure  16(b).  Laser  sensor  measurements  of  methane  concentration  for  LNG-21  Spill  Test  (cont'd) 


2.3.3  Time  above  5%  Methane 

The  full  recorder  chart  of  the  laser  sensor  measurements  were  analyzed  In 
order  to  determine  the  fraction  of  time  the  methane  concentration  exceeded 
5X.  For  the  first  puff,  as  Indicated  earlier,  the  concentration  never 
exceeded  1.8X  at  Sensor  #1  and  3.8X  at  Sensor  #2.  For  the  main  vapor 
cloud  the  methane  concentration  exceeded  5X  for  8X  of  the  time  at  Sensor 
#1,  and  for  27X  of  the  time  at  Sensor  #2.  These  numbers  should  be  compared 
with  6.3X  and  35X,  respectively,  for  LNG-18. 

2.3.4  Air  Temperature  Measurement 

Figure  17  compares  the  TBDR  measurement  with  the  air  temperature  measurement 
over  the  duration  of  LNG-21.  Careful  Inspection  of  the  peaks  and  valleys 
of  the  top  two  curves  shows  qualitative  agreement  --  that  Is,  the  air 
temperature  may  provide  Information  on  the  methane  concentration  under 
some  conditions. 

Figure  18  shows  a  similar  comparison  between  Laser  Sensor  #2  data  and  the 
air  temperature  over  the  duration  of  the  test.  Again,  a  qualitative  corres¬ 
pondence  Is  observed.  (It  should  be  emphasized  that  these  data  were  obtained 
directly  from  strip-chart  records;  an  analysis  of  the  computer  tapes  would 
provide  a  comparison  limited  only  by  the  basic  system  sensitivity.)  The 
ordinate  of  the  laser  sensor  measurement  Is  directly  proportional  to  the 
methane  concentration  because  a  logarithmic  converter  was  used  on-line  to 
convert  the  data.  It  operated  In  parallel  with  the  Infrared  detector  output, 
which  was  recorded  simultaneously. 

A  quantitative  comparison  between  methane  concentration  and  air  temperature 
over  a  limited  time  span  Is  shown  In  Flq.  19,  which  also  contains  the  data 
recorded  by  Laser  Sensor  #1.  The  shape  of  the  temperature  curve  Is  seen  to 
follow  fairly  well  the  methane  curve  of  Sensor  #2,  although  the  laser 
measurement  appears  to  be  somewhat  slower  In  tracking.  This  sluggishness 
(0.4  sec  response  time  vs.  0.2  sec  for  the  thermlster)  Is  due  to  the 
relatively  slow  logarithmic  converter  used,  and  not  the  laser  system  Itself. 
Much  faster  log  converters  are  available.  If  needed. 
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Figure  17.  TBOR  measurements  of  methane  and  thermister  measurements  of  air  temperature  for 


By  plotting  vapor  temperature  vs.  percent  methane  uslno  data  obtained  at 
many  points  along  the  test  chart,  Fioure  20  is  obtained.  There  appears 
to  be  a  linear  dependence  between  temperature  reduction  and  methane 
concentration  over  the  important  region  of  2-10*  methane;  and,  since 
data  were  taken  from  all  regions  (times)  of  the  vapor  cloud,  there  do 
not  appear  to  be  any  noticeable  systematic  effects  due  to  the  overall 
cooling  trend.  For  larger  spills  planned  in  the  future,  a  systematic 
dependence  should  be  searched  for  if  vaoor  temperature  is  to  be  used 
as  an  indicator  of  methane  concentration.  From  Figure  20  we  calculate 
a  depen  once  of  -2.13°C/%  methane.  This  compares  very  favorably  with 
the  theoretical  value  of  -2.22' C/%  methane  derived  by  Lloyd  Multhauf  of 
ILL.  A  further  discussion  of  temperature  variations  of  the  LNG  vapor 
cloud  is  given  in  a  reference  indicated  below.* 

2.3.5  Discussion  of  LNG-21 

Spill  Test  l NG-21  provided  an  important  comparison  between  the  species- 
soecific  TBDR  and  laser  instruments ,  and  the  non-specific  thermister  as 
an  indicator  of  methane  concentration.  It  appears  that,  under  certain 
conditions  and  within  certain  methane  concentration  ranges,  an  inexpen¬ 
sive  temoerature-measur ing  instrument  can  be  employed.  Good  qualitative 
agreement  was  also  seen  between  the  laser  and  TBDR  measurements;  and  the 
experimentally-determined  value  of  the  dependence  of  vaoor  temperature 
on  methane  concentration  agreed  with  the  theoretical  value. 


#  "A  Review  of  the  1978  China  Lake  LNG  Dispersion  Experiments  and  Instru¬ 
mentation,"  by  R.  P.  Koopman,  L.  M.  Kamppinen,  L.  G.  Multhauf,  G.  E. 
Bingham,  and  D.  N.  Frank,  Report  K  in  Liquefied  Gaseous  Fuels  Safety  and 
Environmental  Control  Assessment  Program:  A  Status  Report,  U.S.  Department 
of  Energy,  Division  of  Environmental  Control  Technology,  May  1979. 
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3.  Laboratory  Research 

The  following  two  Investigations  proceeded  In  parallel  with  the  field  program 
In  order  to  evaluate  future  measurement  capabilities. 


3. 1  Oxygen  Monitoring  Instrunent 

The  flammability  limits  of  natural  gas  (methane  as  the  principal  compo¬ 
nent)  lie  In  the  range  of  5  to  15  per  cent  by  volume  In  air.  It  Is  the  re¬ 
lative  concentration  of  the  hydrocarbon  and  oxygen  which  determines  the 
flaomabi 1 1 ty  of  a  mixture  of  air  and  natural  gas  .  Consequently,  Indepen¬ 
dent  measurements  of  methane  and  oxygen  In  the  mixture  at  the  site  of 
spillage  of  liquified  natural  gas  ;LNG)  are  Important  for  several  reasons. 

Methods  for  determining  metnane  concentration  have  already  been  studied  by 
the  technique  of  laser  absorption  as  well  as  by  differential  IR  absorption 
measurements.  It  Is  the  purpose  of  this  section  to  suooest  a  method  for 
oxygen  determination. 

The  method  discussed  below  Is  based  on  UV  absorption  of  02  In  the  Schumann- 
Runge  (B  -  x  5l")  system.  Figure  21  shows  the  absorption  coefficient 
of  oxygen  as  a  function  of  wavelength.  It  can  be  seen  that  oxygen  has 
appreciable  absorption  even  In  the  1900-2000  A  UV  range.  The  main  compo¬ 
nents  of  natural  gas  are  methane  and  ethane.  Table  III  lists  several 
typical  gas  analyses  for  natural  gas  .  Their  absorption  spectra  are 
shown  In  Figures  22a  and  22b.  They  essentially  do  not  absorb  UV  radiation 
In  the  above  range.  Based  on  these  facts,  the  followlnq  experiments  were 
done  to  study  the  feasibility  of  using  the  UV  absorption  technique  to  inde¬ 
pendently  determine  the  concentration  of  oxygen  In  a  mixture  of  air  and  LNG  vapor. 

The  experimental  set  up  Is  Shown  schematically  In  Figure  23.  A  deuterium 
lamp  (Oriel  Model  6312)  Is  used  as  the  source  for  UV  radiation.  The  light 
from  the  Ian*}  after  colllmatlon  by  a  quartz  condenslno  lens  asseefcly 
(Oriel  Model  6304)  passes  through  a  lm  long  pyrex  absorption  cell.  The 
:eil  Is  provided  with  two  quartz  windows  for  the  Incident  and  transmitted 
light,  and  also  possesses  inlet  and  outlet  ports  for  the  Introduction  of 
different  oases.  The  t>ansHtted  radiation  Is  focussed  with  a  20  cm 
focal  length  quartz  lens  (f/no.  -  4)  on  the  entrance  slit  of  a  1/8  spectro- 
»?ter  (Oriel  Model  7241).  The  monochromator  has  a  2400  t/mm  holographic 
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grating  blazed  at  2000  A  (Oriel  Model  7268).  A  solar  blind  photomultiplier 
tube  (Oriel  Model  7064)  Is  used  to  measure  the  transmitted  light.  The  out¬ 
put  of  the  PMT  Is  monitored  with  a  Kelthley  610A  electrometer.  Absorption 
of  02  at  different  wavelengths  are  measured  with  this  set  up.  Table  IV 
sumnarlzes  the  results. 

A  lm  long  colunn  of  air  at  atmospheric  pressure  has  an  absorption  of  about 
201  at  1923  A.  The  absorption  decreases  with  the  Increasing  wavelength, 
and  Is  about  121  at  1947  A.  Measurement  of  absorption  at  any  one  of  these 
wavelengths  can  be  used.  However,  consideration  of  Interference  from  other 
gases  suggests  that  1947  A  may  be  the  best  choice.  In  particular,  the  ab¬ 
sorption  coefficient  of  C02  near  1947  A  is  of  the  order  of  10"";  It, 
therefore,  has  negligible  absorption.  The  absorption  of  C02  Is  not  much 
different  at  1923  A.  Thus  C02  will  not  yield  any  major  Interference  between 
1923-1950  A.  The  main  Interferant  In  the  02  determination  Is  water  vapor, 
*4i1ch  has  significant  absorption  In  this  wavelength  region  (Figure  24). 
Nitrogen  saturated  with  water  vapor  at  1  atm  pressure  and  at  room  temperature 
(partial  pressure  of  water  vapor  of  about  20  to rr)  In  the  absorption  cell 
results  In  4-51  attenuation  in  the  incident  light  at  1947  A.  It  Is  true 
that  the  Interference  due  to  water  vapor  should  be  much  less  than  this  at 
China  Lake  In  view  of  the  fact  that  It  has  a  relatively  dry,  desert  at¬ 
mosphere.  Assuming  a  relative  humidity  of  251,  the  error  Introduced  In  the 
measurement  will  be  about  101.  However,  this  can  be  accounted  for  by  making 
a  separate  measurement  of  water  content.  The  IR  absorption  bands  of  H20 
are  well  known,  and  It  Is  possible  to  determine  water  vapor  by  Introducing 
an  additional  channel  at  1.4  or  2.7  urn  in  TBDR  measurements.  The  change  In 
the  amount  of  water  from  the  background  due  to  the  Influx  of  LNG  vapor,  when 
subtracted  from  02,  will  yield  the  concentration  of  oxygen. 

Thus,  an  Independent  02  measurement  can  be  made  by  UV  (1923-1947  A)  ab¬ 
sorption.  The  Interference  of  water  can  be  eliminated  by  using  a  separate 
IR  measurement. 

3.2  In fra red  Fiber  Optl cs  Research 

Progress  has  been  made  since  the  preliminary  results  of  the  month  of  June 
1978.  Durin*  that  time  we  computed  the  "nianerlcal  apertures”  of  the  liquids 
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Table  IV.  Absorption  measurements  at  several  UV  wavelengths  for  dry  air, 
oxygen,  and  nitrogen  saturated  with  water  vapor  at  room  tempera¬ 
ture. 


>  (A) 

1923 

1947 

1971 


-  Percent  Absorption  - 

DRY  AIR  OXYGEN  WATER-SATURATED  N2 


20  SO  11 

12  40  4 

4  1 
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Carbon  Tetrachloride  (CClJ  and  Tetrachloroethylene  (C2C£«J  at  the  wavelength  of 
3.39  uin,  and  also  the  maximum  angles  of  acceptances.  We  concluded  C2C£«,  to  be 
a  better  candidate  for  the  liquid-core  fiber.  * 

Since  then  we  have  modified  the  optical  system  design  as  follows: 

I)  We  have  used  a  Spectra  Physics  He-Ne  laser,  Model  124/B 
operating  at  3.39  urn  wavelength  with  a  power  output  of 
6  mWatts  (measured).  This  Increased  the  signal  at  the 
output  of  the  fiber  to  an  easlly-detectable  level. 

II)  We  used  an  Indium  Arsenide  detector  (Judson  Infrared), 
which  operates  with  much  Improved  sensitivity,  compared 
to  pyroelectrics.  This  Is  one  of  the  few  Infrared  de¬ 
tectors  which  has  peak  responslvlty  at  around  3.4  um, 
the  wavelength  at  which  we  are  operating. 

III)  A  smaller  size  hypodermic  needle  (#26g)  was  used.  This 
enabled  the  quartz  fiber  to  be  stralghter  while  Inside 
the  window  system. 

1 v )  We  have  Incorporated  a  micropositioner  In  the  system  to 

hold  the  window-fiber  assembly  for  both  the  Input  and  the 
output  ends  of  the  fibers.  In  this  way  we  can  precisely 
adjust  the  penetration  of  the  laser  light  Into  the  fiber 
waveguide  as  well  as  fine-position  the  output  end  of  fiber 
to  get  maximum  signal. 

With  the  modifications  In  the  experimental  set  up  described  above,  the 
transmission  loss  In  the  liquid-core  hollow  fibers  was  measured.  The 
liquid  was  tetrachloroethylene  (C ) .  The  output  of  the  fiber  end  was 
measured  by  the  InAs  detector.  The  detected  output  slqnal  was  measured  as 
a  function  of  the  fiber  length  by  cutting  successive  pieces  from  the  original 
16-meter  length.  The  results  are  shown  In  Figure  25.  The  data  points 
with  NG-1  and  NG-3  filters  were  taken  to  measure  the  losses  with  attenuated 
laser  light.  From  the  slope  of  the  curve,  we  calculated  the  transmission 
loss  of  this  liquid-core  fiber  to  be  56.2  db/km. 

*  For  a  scientific  publication  based  upon  this  research,  see  "Infrared 
Transmission  at  the  3.39  um  Helium-Neon  Wavelength  In  Liquid-Core  Quartz 
Fibers,"  by  A.  K.  Majumdar,  R.  T.  Menzles,  and  E.  D.  Hlnkley,  Journal 
of  Quantum  Electronics  (June  1979). 


44 


OPTICAL  FIBER  LENGTH  (METERS) 


Figure  25.  InAs  detector  signal  for  various  fiber  optics  lengths 
and  laser  power  levels 


Conclusion  and  Tabulation  of  Results 


Two  types  of  Instruments  for  the  detection  of  methane  In  LNG  spill  vapor 
were  developed,  tested,  and  operated  In  the  field.  The  two-band  differ¬ 
ential  radiometer  (TBDR),  which  Is  based  upon  a  non-dlspersl ve  infrared 
technique  and  used  a  20  cm  oath  within  the  vapor  cloud,  detected  methane 
concentrations  as  low  as  IX  with  an  achievable  time  constant  of  0.15 
seconds.  The  laser  Instrument  provided  measurements  of  methane  at  two 
points  separated  vertically  by  one  meter.  Using  a  2  cm  path  In  the 
vapor  cloud,  the  laser  system  sensitivity  to  methane  was  0.1X,  and  Its 
response  time  was  0.095  seconds.  Both  Instruments  provided  real-time 
data  of  Spill  Tests  LNG-18,  19,  and  21.  Preliminary  comoarisons  between 
the  laser  and  TBDR  measurements  and  those  obtained  uslno  other  sensors, 
showed  both  qualitative  and  quantitative  aqreement.  The  laser  Instrument 
also  contained  a  thermister  for  rapid  measurements  of  vapor  temperature; 
good  aqreement  with  theory  was  found,  over  a  limited  ranne,  for  temoera- 
ture  vs.  methane  concentration. 

The  infrared-transmittinq  fiber  optics  research  was  directed  toward  the 
possible  utilization  of  this  approach  to  provide  a  cost-effective  laser 
technique  for  routine  methane  detection.  Although  progress  was  made  In 
this  field,  resulting  in  a  published  technical  journal  article,  there  was 
Insufficient  time  to  Incorporate  the  fiber  optics  approach  Into  the  system 
for  the  Fall  1978  spill  tests.  Laboratory  research  was  also  directed  toward 
the  development  of  a  TBDR-type  Instrument  for  the  detection  of  oxygen  within 
the  vapor  cloud.  This  research  showed  that  the  TBDR  principle  can  be  em¬ 
ployed.  We  recommended  that  the  TBDR  approach  be  developed  further  for 
the  detection  of  other  constituents  of  LNG  vapor  clouds.  In  addition, 
because  of  the  potential  advantages  of  Infrared  transmitting  fiber  optics 
for  this  and  related  detection  needs,  research  should  proceed  In  this  area 
as  well.  If  resources  are  available. 

The  data  obtained  and  described  In  this  Report  represent  the  duration.  In- 
ten'  ity.  and  temperature  of  the  methane-laden  vapor  clouds  as  a  function  of 
time  Some  of  these  results  are  tabulated  In  Table  V  on  the  following  page. 
Included  In  the  Table  are  data  on  the  fraction  of  time  the  methane  concentra 
tlon  exceeded  r?. 
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Table  V.  Sunnary  of  Results  of  Spill  Tests 


LNG 

-18 

LNG 

-19 

LNG- 

■21 

1.5  m 

2.5  m 

1.5  m 

2.5  m 

1.5  m 

2.5  m 

First  Vapor  Cloud 

1 

Tlae  fro*  spill  (sec): 

40.2 

40.2 

57.2 

57.2  ! 

Duration  (sec): 

4.6 

2.4 

1.5 

1.0 

1.5 

0.3 

Peak  CH4  cone.  (X): 

10.9 

11.1 

1.29 

0.28  ! 

3.8 

1.8 

Tine  above  5X  CH^  (X): 

30. 

26. 

0 

0 

0 

0 

Second  Vapor  Cloud 

■ 

■ 

i 

Time  from  spill  (sec) : 

61.4 

61.4 

E9 

64.2 

64.2  ; 

Duration  (sec): 

41.0 

39.4 

■ 

■9 

63.2 

61.7  , 

Peak  CH^  cone.  (X): 

14.2 

11.4 

'i 

BQ 

13.5 

11.9  j 

Time  above  5X  CH^  (X): 

35. 

6.3 

n 

B 

27. 

8. 

Third  Vapor  Cloud 

Time  from  spill  (sec): 

105.2 

105.2 

Duration  (sec): 

0.12 

0.23  ; 

Peak  CH^  cone.  (X): 

0.12 

0.14 

Time  above  5X  CH^  (X) : 

_ j 

_ . 

0 

0 
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APPENDIX  A 


Principles  of  Operation  of _TBDR_  System 


The  principle  underlyina  the  TBOP  design  concept  is  that  the  qas  of 
interest  absorbs  stronqly  in  one  wavelength  band  and  not  at  all  in  another 
band;  that  other  gases  present  don't  absorb  preferential  1 y  in  either  of  the 
two  selected  bands;  and  ihat  particles  (dust,  aerosols,  ice  crystals,  water 
droplets,  etc.) don't  completely  extinquish  the  liqht  beino  measured.  If 
the  two  spectral  bands  are  close  toqether,  particle  scattering  will  be  sim¬ 
ilar  in  both  bands. 

Figure  A-l  schematically  depicts  the  TBDR  sensor.  Broad-band  light 
is  qenerated  by  a  small  lamp  and  is  collimated  by  Lens  M.  The  absorbino 
volume  consists  of  the  space  between  Lens  #1  and  Lens  »2.  The  light  which 
passes  through  the  absorbing  qases  is  collimated  and  split  by  a  beam  split¬ 
ter  (in  this  case  a  partially  silvered  mirror)  to  image  the  light  on  two 
different  detectors:  D1  and  02.  By  this  arranqement,  the  absorotion  path 
is  identical  for  01  and  02  channels,  and  anythinq  that  transpires  in  this 
volume  can  be  simultaneously  measured  by  the  two  detectors.  Filters  F3  and 
F2  are  used  to  select  the  appropriate! v  absorbinq  and  non-absorbing  spectral 
bands.  The  following  analytical  discussion  is  intended  to  show  that  the 
measured  properties  of  atmospheric  and  LNG  gases  allow  a  simple  implementa¬ 
tion  of  the  TBDR  and  provide  a  measurement  method  satisfyinn  the  needs  of 
the  Spill  Test  Program. 

The  attenuation  of  lioht  by  molecular  absorption  and  particle  scatter¬ 
ing  (assuming  single  scattering  theory  applies)  is  governed  by  the  Beer- 

Lambert  equation: 


(1) 


where: 

I  «  Liqht  intensity  at  observing  position 

I0  *  Unattenuated  light  intensity 

t  ■  Extinction  coefficient 

E  *  a  ♦  S 

ci  ■  Molecular  absorption  coefficient 


Fiq.  A-l.  Block  Di^or^m  for  TRDR  Senior  Module,  showing 
Intenration  of  ontics  and  electronics 


s  ■  Scattering  coefficient 

L  *  Absorbing  path  length 

c  *  Concentration  of  gas  or  particles 

Two  options  1r.  configuring  the  system  are  to  ratio  the  outputs  of  the 
two  detectors  or  to  difference  the  output  of  the  two  detectors.  In  the 
ratio  case. 


Ij 

TJ 


e*c(gas)L(ai  -  a2)-c(part1cle)llS]  -  S;) . 


(2) 


As  will  be  shown  later,  the  spectral  bands  proposed  are  close  enough 
that  scattering  coefficients  will  be  approximately  the  same,  so  that 
$i  -  S2  ■  0  and 


1 1  -cl  1  ai  -  a-i ) . 
*  »  e  i  i 

*2 


(3) 


A  linear  display  of  the  absorbing  gas  concentration  (c)  can  be  obtained 
by  plotting  the  negative  natural  log  of  the  two-channel  outputs: 


u  1 

IT 


^(ai-a2) 


C. 


(4) 


The  ratio  approach  is  elegant  from  the  standpoint  of  Fguation  (4)  but 
Is  considerably  more  complex  than  the  two-channel  difference  method. 

Appendix  D  contains  measured  spectra  of  methane,  ethane,  propane,  bu¬ 
tane,  water  vapor,  oxygen,  nitrogen,  and  carbon  dioxide.  From  these  spectra 
It  can  be  deduced  that  an  absorption  cell  of  a  few  centimeters  length  oper¬ 
ating  at  2.1  um  and  2.3  um  will  allow  measurements  of  the  LNG  constituents 
without  significant  Interference  from  other  gases. 

To  avoid  problems  such  as  background  light  and  detector  bias  offset, 
the  light  source  Is  driven  by  an  A/C  source,  and  the  A/C  signal  Is  then 
synchronously  detected  and  amplified  by  A,  to  give  arge  signal  which  is 


transmitted  to  the  central  recorder.  Comerclal  lamps  are  available  that 
can  be  modulated  at  100  Hz, and  PbS  (lead  sulfide)  detectors  have  peak 
detectivity  at  100  Hz. 

The  squaring  circuit  gives  high  noise  Immunity  to  any  pickup  on  the 
Input  lines,  and  the  following  lamp  and  demodulator  driver  Is  a  simple 
power  amplifier.  In  addressing  the  problem  of  temperature  compensation 
and  thermal  calibration,  the  most  economical  approach  in  time  and  dollars 
appears  to  be  to  temperature  control  the  sensor  sliahtly  above  ambient 
temperature  usinq  a  simple  "banq-bang“  heater  and  attendant  sensor  and 
controller.  In  lookinq  ahead  to  possible  laroe-scale  production  of  TBDR's, 
it  should  be  noted  that  all  of  the  electronics  in  the  sensor  can  be  built 
in  one  Large  Scale  Integrated  Circuit  Chip  (LSI)  of  modest  complexity. 
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APPENDIX  B 


Principles  of  Operation  of  Laser  System 


This  appendix  describes  the  operating  principles  of  the  laser  system  used 
during  the  August-November ,  1978  spill  tests  at  China  Lake.  A  single- 
frequency  3.39  um  helium-neon  laser,  with  a  few  milliwatts  output  power, 
was  used.  The  Infrared  frequency  of  this  laser  overlans  that  of  a  strong 
methane  spectral  line,  as  shown  In  Fig.  B-l.  Laboratory  tests  using 
several  different  mixing  ratios  of  methane  in  nitrogen  yielded  an  ab¬ 
sorption  coefficient  of  8.8  ♦  0.1  cm'1  atm'1  at  room  temperature.  This 
result  compares  favorably  with  the  value  of  8.9  ♦  0.3  cm'1  atm'1  obtained 
by  averaging  values  of  Gerritsen  (1966),  Kucerovsky  (1973),  and  Pine  (1975). 

Transmission  of  a  laser  beam  of  nower  PQ  alono  a  path  of  length  L  con¬ 
taining  a  gas  with  absorption  coefficient  -i*  is  given  by  the  following 
expression : 


P  «  P0  exp  ( -a  ’cL ) .  (B-l) 

P  is  the  power  at  the  end  of  the  oath,  and  c  is  the  average  oas  concentration. 
For  a  methane  concentration  of  51  (c  1  0.05  atm)  and  a  pathlength  of  2  cm, 
the  transmittance  (P/PQ)  is  calculated  to  be  0.41  --  an  easi 1 y-measurable 
value. 

There  are  several  aspects  of  laser  monitoring  which  must  be  considered  as 
(potentially)  contributinn  to  measurement  errors: 

a)  Sel f-Broadening  of  the  Methane  Absorption  Line 

The  air-broadening  coefficient  for  a  methane  absorption  line  in  the  3.4  ^m 
region  is  approximately  4.5  MHz/torr,  whereas,  that  for  sel f-broadeninq 
may  be  as  high  as  7.4  MHz/torr.  Consequently,  when  the  methane  concentra¬ 
tion  becomes  a  significant  fraction  of  the  total  gas  present,  the  absorption 
line  will  be  broader,  resulting  in  a  decrease  in  the  absorption  cross  section. 
(Usually  there  can  be  exceptions  depending  on  where  the  laser  line  is  located 
relative  to  absorption  line  center.)  Figure  B-2  illustrates  the  percent 
transmission  of  the  helium-neon  laser  line  at  3.3922  urn  vs.  percent  methane 
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Pl»C£NT  HANSMlSSlON 


F19.  B-2.  Percent  Transmission  of  3.3922-um  laser  radiation  through  two 

different  pathlengths  of  methane/air  mixtures  from  zero  to  1001 
(theoretical  curves). 


for  two  specimen  lengths  (1  cm  and  0.5  cm),  for  the  case  of  no  self-broaden¬ 
ing,  and  with  sel f-broadeninq.  If  we  expect  the  areatest  measurement  accuracy  to 
be  between  51  and  95t  transmission,  then  for  the  I  rm  length,  the  measurement 
range  is  from  below  IS  methane  to  37t  if  no  self-broadening  is  assumed,  and 
to  approximately  50S  methane  with  self-broadening.  It  is  clear  that  self¬ 
broadening  increaseathe  useful  measurement  range.  This  does  not  contribute 
to  any  measurement  error,  since  the  calibration  curve  would  be  determined 
in  advance  experimentally.  For  the  0.5  cm  path  lenqth,  the  useful  measure¬ 
ment  range  is  1-100T;  but  at  100S  methane,  the  transmission  is  approximately 
9t,  thus,  not  fully  utilizing  the  available  operating  reqion. 

b)  Temperature 

Vapor  temperature  will  also  influence  the  fundamental  absorption  coefficient. 

For  a  spectral  line  whose  width  is  determined  by  collisions,  as  for  gases 
at  atmospheric  pressure,  the  line  width  is  inversely  proportional  to  the 
square  root  of  the  absolute  temperature  (approximately);  consequently,  the 
absorption  coefficient  at  line  center  varies  nearly  as  the  square  root  of 
temperature.  Although  the  boilinq  point  of  methane  is  -162*C,  the  vapor  will 
not  be  that  cold.  Figure  20  in  the  main  body  of  this  renort  showed  that  the 
vapor  temperature  varied,  for  LNG-21  at  the  site  of  the  laser  instrument, 
from  -2*C  to  20*C.  The  effect  on  calibration  is  an  error  of  <  0.41. 

c)  Water  Vapor  Interference 

The  simple,  single-wavelength  laser  technique  was  adequate  for  the  LNG  spill 
test  measurements  because  of  the  very  short  pathlength  (few  cm)  needed  for 
the  CH,,  measurement,  and  concomitant  small  effects  due  to  interfering  species. 
Water  vapor  poses  the  greatest  problem,  because  it  is  formed  bv  condensation 
arising  from  the  low  temperature  of  the  vapor,  and  was  observed  in  earlier 
China  Lake  tests. 

In  order  to  study  the  effects  of  water  vapor  clouds  on  3.39  urn  laser  trans¬ 
mission,  we  used  liquid  nitrogen  as  the  source  of  the  cold  vapor  distributed 
over  an  approximately  30  cm  length  in  the  path  between  the  laser  and  pyro¬ 
electric  detector.  Measurements  made  with  the  visible  helium-neon  laser 
(0.6328  um)  showed  that  transmission  dropped  to  near  zero  in  the  presence 
of  the  water  vapor  "cloud".  The  results  of  the  Infrared  laser  measurements 
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for  three  different  "clouds"  are  shown  in  Fiaure  B-3.  The  maximum  effect  on 
transmission  due  to  these  "clouds"  was  to  reduce  It  to  a  value  of  around  30*. 
This  corresponds  to  a  systematic  error  in  the  calculated  CH4  concentration  of 

♦  0.5X,  independent  of  the  pathlength  used.  It  must  be  stressed,  however, 
that  this  water  vapor  cloud  is  considerably  more  dense  than  that  existing 
in  the  LNG  spill  tests  (since  it  was  generated  by  the  77K  temperature  of 
liquid  nitrogen,  vs.  the  1 10K  temperature  of  LNG).  Consequently,  water  vaoor 
interference  is  exoected  to  be  negligible.* 

d)  Laser  Noise 

Noise  induced  by  changes  In  laser  power  or  frequency  with  time  can  limit 
the  minimum  detectable  signal.  In  terms  of  frequency,  the  3.39  um  line  of 
the  helium-neon  laser  is  extremely  stable,  and  should  not  cause  any  notice¬ 
able  degradation  of  performance,  especially  since  the  spectral  line  being 
monitored  is  broadened  by  atmospheric-pressure  collisions. 

e)  Infrared  Detector  Temperature  Dependence 

Because  of  the  range  of  temperature  for  the  LNG  vapor,  consideration  must  be 
given  to  the  temperature  dependence  of  the  infrared  detectors  employed.  Pyro¬ 
electric  detectors  are  notoriously  temperature  sensitive,  and  for  this  reason, 
were  not  selected  for  the  China  Lake  tests.  InAs  photovoltaic  detectors  were 
chosen  for  the  laser  system  because  of  their  high  sensitivity  and  relatively 
low  cost. 

f)  Error  Analysis 

The  discussions  above  relate  to  achievinq  the  minimum  detectable  signal  durino 
the  laser  measurements.  On  the  basis  of  other  types  of  laser  measurements  in 
which  signal  detection  limits  of  0.3X  to  It  have  been  achieved  In  field  appli¬ 
cation  using  short  time  constants,  it  Is  not  unreasonable  to  assume  that  we 
will  be  able  to  detect,  with  high  accuracy,  signals  corresponding  to  trans¬ 
mission  in  the  5X-95*  region.  If  we  can  measure  over  this  range  with  10X 
accuracy  (of  the  reading),  then  from  Flqure  B-2,  using  a  1  cm  path  length, 
the  methane  concentration  range  which  can  be  accurately  monitored  is  <  1X-50X 
(assuming  self-broadening  at  7.4  MHz/torr).  For  a  IX  methane  concentration, 

*  NOTE:  Water  vapor  Interference  would  yield  a  CM!,  concentration  which  was  too 
high.  This  was  not  observed  to  be  the  case  for  any  of  the  spill  tests. 
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the  measurement  error  will  be  ♦  0.1%;  for  50%,  the  error  will  be  t  5%.  Mea¬ 
surements  can  be  made  beyond  this  range,  but  the  accuracy  will  be  somewhat 
l(**er  for  methane  concentrations  approach  100%.  The  signal  processing 
schematic  for  the  Laser  System  Is  shown  on  Figure  B-4,  and  the  electronics 
schematics  In  Figs.  B-5,  B-6,  and  B-7. 
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Fig.  B-5.  Laser  detector  signal  processing  electronics. 


Laser  system  demodulator  control  circuit 
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Laser  system  slqnal  and  nower  connections 


The  LNG  Temperature  Multiplexer  is  design  to  record  the  vapor  cloud 
temperature,  the  temperatures  in  the  vicinity  of  the  three  infrared  de¬ 
tectors,  and  the  temperature  within  the  laser  instrument.  The  multiplexer 
produces  these  data  in  a  sequential  manner:  Two  pulses  are  superimposed 
on  the  data  to  signify  the  beginning  of  Channel  1,  and  a  single  pulse  occurs 
each  time  the  multiplexer  switches  to  succeeding  channels.  The  sequence  is: 
Detector  1,  Detector  2,  laser  power,  and  cloud  temperature,  which  corresponds 
to  Channel  1,  2,  3,  4,  respectively.  The  laser  system  interior  temperature 
was  measured  using  an  ohnmeter,  and  was  not  connected  to  the  multiplexer  for 
the  Fall  1978  spill  tests. 

Since  the  laser  power  detector  and  the  two  signal  detectors  are  tempera¬ 
ture  sensitive,  a  large  thermal  capacity  was  designed  into  their  mounts. 

This  minimized  the  short-term  thermal  effects  which  might  otherwise  be  in¬ 
duced  by  the  LNG  vapor  cloud.  The  actual  detector  temperatures  were  monitored 
by  linearized  thermistor  networks.  Model  ( VS  I -442 1 1 A ) ;  and  the  temperature 
multiplexer  contains  circuitry  needed  to  translate  the  thermistor  signals 
into  linear  (50  mV/°C)  outputs  for  data  recording. 

The  inside  air  temperature  of  the  laser  Instrument  was  monitored  by  a 
YS I -44033  thermistor.  This  thermistor  permits  the  operator  to  deactivate 
the  Instrument  If  the  laser  operating  temperature  limits  are  exceeded. 

The  location  of  the  air- temperature  thermistor  Is  shown  In  Fig.  8  In 
the  main  body  of  this  Report.  This  thermistor  monitors  the  temperature  of 
the  vapor  clpud.  The  criteria  used  in  selecting  this  thermistor  were  small 
physical  size  and  the  ability  to  withstand  the  anticipated  environment. 

Since  a  fast  response  time  (-v.  0.1 -0.2  sec)  was  desired,  the  linearized 
thermistor  network  was  not  used  In  this  case  (Its  response  time  Is  ^  10  sec). 
0.36  am  (0.014")  diameter  pre-mounted  glass-coated  bead  thermistor,  Fenwall 
GB38T1,  was  used.  The  temperature  multiplexer  contains  circuitry  for  con- 


verting  the  nonlinear  resistance-temperature  characteristic  of  the  ther¬ 
mistor  to  a  nearly  linear  output  voltage  with  a  time  constant  of  ■v  0.2  sec. 
Useful  data  may  be  obtained  over  the  range  from  -60°C  to  ♦60°C,  with  best 
linearity  occurring  between  -40°C  and  ♦30°C.  In  order  to  prevent  electrical 
leakage  due  to  moisture,  the  uninsulated  thermistor  leads  were  coated  with 
a  thin  layer  of  Insulating  varnish  (GC  Print-Kote  #14-2).  The  thermistor, 
along  with  Its  Integral  mount,  was  installed  Inside  a  protective  housing  and 
mounted  on  the  Instrument,  as  shown  In  Fig.  8.  The  electrical  schematic 
for  the  temperature-monitoring  system  is  given  In  Fig.  C-l. 
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1(a).  Electrical  schematic  of  temperature-measuring  system  -  multiplexer 


FIGURE  D1 . 

FIGURE  02. 
FIGURE  D3. 
FIGURE  04. 
FIGURE  05. 
FIGURE  06. 
FIGURE  0  7. 

FIGURE  0  8. 

FIGURE  D 9. 
FIGURE  010. 
FIGURE  Dll. 


11.3  cm  Test  Cell  at  Ambient  Air  Pressure  - 
Relative  Transmission  vs.  Wavelength  (jjm) 

11.3  cm  of  Methane  -  Atmospheric  Pressure 

11.3  cm  Ethane  -  Atmospheric  Pressure 

11.3  cm  Propane  -  Atmospheric  Pressure 

11.3  cm  Butane  -  Atmospheric  Pressure 

11.3  cm  Methane  -  1000  PS  I  Gauge 

11.3  cm  Methane  -  1000  PSI  Gauge,  0.89  fim  line  at 
High  Resolution 

11.3  cm  Water  Vapor  at  Atmospheric  Pressure 

11.3  cm  Oxygen  at  1000  PSI  Gauge 

11.3  cm  Nitrogen  at  1000  PSI  Gauge 

11.3  cm  Carbon  Dioxide  at  Atmospheric  Pressure 
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Fig.  D-3 


Fig.  D-6 
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Fig.  D- 10 


